In an open cycle traveling wave thermoacoustic engine, hot gas steadily flows into the hot side of the regenerator, replacing the hot heat exchanger as the primary energy source for the engine. In such an engine, interactions between the acoustic, convective, conductive and thermoacoustic energy fluxes facilitate conversion of the input thermal energy into acoustic energy. This study describes the energy flux interactions throughout the engine, thus clarifying the important role of the mean temperature difference that exists between the mean flow of hot gas and the hot-side regenerator interface in the open cycle engine. Furthermore, this study derives an optimal regenerator interface temperature that maximizes the acoustic power output of the engine for a given thermal energy input. The acoustic power output and thermal efficiency of the open cycle engine are compared to those in a closed cycle engine in which a crossflow heat exchanger is used to supply the required heat input. By accounting for the effectiveness of the heat exchanger, it is shown that the open cycle has the potential to achieve higher efficiencies than the closed cycle in converting the thermal energy in a stream of gas into acoustic energy.
I. INTRODUCTION
Most thermoacoustics research during the past decade has primarily focused on closed cycle refrigeration and engine systems. While open cycle thermoacoustic systems have received limited attention, there are indications that many typical thermoacoustic applications could benefit from the use of open cycle systems. For example, the superposition of a slow mean flow on the acoustic field in an open cycle device allows for the elimination of one of the heat exchangers used to set up the temperature difference across the stack or regenerator, thereby eliminating its cost, complexity and inefficiency.
1,2 Furthermore, allowing for the passage of a fluid through a thermoacoustic engine opens up the possibility of creating an engine that employs a combustion process, either inside or outside the engine, to generate a stream of hot combustion products that passes through the stack or regenerator to provide the engine's thermal energy input.
In designing an open cycle thermoacoustic device, the utilization of standing wave thermoacoustics is appealing because the inlet and exhaust ports can be located at the pressure nodes in order to minimize the loss of acoustic energy through these ports. 2 However, standing wave thermoacoustic systems rely on irreversible processes for their operation, thus they are inherently less efficient than their traveling wave counterparts. 3 Although the design of an open cycle traveling wave thermoacoustic engine is more challenging, such an engine is, in principle, the most efficient means of converting the thermal energy in a stream of gas into acoustic energy. In support of this claim, the following study compares the energy fluxes and ideal performance indices of both open and closed cycle traveling wave thermoacoustic engines.
Previous work in open cycle thermoacoustics is primarily linked to the standing wave thermoacoustic refrigerator of Reid and Swift, 1,2 though much of the theory developed for this application is not applicable to traveling wave thermoacoustics. Many studies on the effects of acoustic streaming in thermoacoustic devices are related to open cycle thermoacoustics, however these studies do not focus as much on mean flow energy fluxes as they do on the various sources of acoustic streaming, which can generate a mean mass flux in a closed cycle thermoacoustic device.
Gedeon first showed 4 that the mean mass flux flowing through the regenerator in a traveling wave thermoacoustic device is equal to the sum of a second order mean pressure term and an acoustic streaming term, which is generally an unavoidable byproduct of the acoustic energy flux through the regenerator. In a thermoacoustic device with a feedback path, the second order mean pressure gradient is generally small or nonexistent, and the acoustic streaming causes a mean mass flux to travel through the feedback path in the direction of the acoustic energy flux. 4 This case has been recently studied, both theoretically 5 and experimentally, 6, 7 although these studies do not consider effects that might counter the mean mass flux due to acoustic streaming. In many thermoacoustic devices, the mean mass flux is forced to be zero, either by utilizing a geometry that does not include a feedback path, 8, 9 or by incorporating other means to suppress this mass flux. 3, 10, 11 In these cases, a second order time average pressure difference, ⌬p 2,0 , develops across the regenerator, which is accompanied by a mean second order a͒ Electronic mail: gte852f@mail.gatech.edu velocity u 2,0 , that counteracts the effect of the acoustic streaming term in generating a mean mass flux through the regenerator.
Open cycle traveling wave thermoacoustic devices differ from either of these two cases, as they include a mean mass flux that travels in a direction opposite to the acoustic energy flux direction. However, open cycle devices can still be analyzed using Waxler's 12 general relationships between the mean mass flux and the pressure gradient. More importantly, the open cycle study presented below can also be applied to the analysis of closed cycle traveling wave thermoacoustic devices in which acoustic streaming effects cause a nonzero mean mass flux to flow through the regenerator.
A simple schematic of the open cycle traveling wave thermoacoustic engine that will be studied in this work is shown in Fig. 1 . A slow mean flow of hot gas is superimposed on the acoustic field in the device, and approaches the regenerator from an open duct on the right. The origin of this hot gas is not important for the purposes of this study, but could be supplied by a combustion process, for example, originating from either inside or outside the thermoacoustic device. A cold heat exchanger at the other end of the regenerator rejects heat to the surroundings at the ambient temperature, T 0 , and creates a temperature gradient across the regenerator. As the mean flow passes into and through the regenerator, some of its thermal energy is converted into acoustic energy, thus amplifying a traveling acoustic wave as it moves from the cold side to the hot side of the regenerator. 13, 14 In a previous study, 15 it has been shown that a substantial difference exists between the mean temperature of the incoming hot gas, T h , and the temperature of the solid material at the hot end of the regenerator, T re . The magnitude of this temperature difference significantly impacts the various energy fluxes in the engine, thus critically affecting the efficiency and acoustic power output of the engine. To illustrate these effects, this paper first describes the operation of the open cycle thermoacoustic engine by examining the interactions between the engine's various energy fluxes. This examination reveals that the acoustic power output of the engine can be maximized for particular values of the regenerator's hot-side temperature, T re , thus providing expressions for the engine's ideal power output and thermal efficiency. These ideal performance indices are then compared to those produced by a closed cycle traveling wave thermoacoustic engine, in which a heat exchanger is used to transfer the thermal energy from a stream of hot gas to the engine.
II. OPEN CYCLE ENGINE ENERGY FLUXES
In thermoacoustics, knowledge of the relevant energy fluxes in the device is essential to understanding its operation, and can be used here to help understand the importance of the temperature difference at the regenerator's interface. Of particular importance is the fact that convection energy fluxes are present in addition to acoustic energy fluxes, conduction losses, and thermal energy transport by second order entropy fluxes in the open cycle thermoacoustic engine. The importance of these various energy fluxes has been clearly illustrated in Swift's book, 16 and the nomenclature and derivations in the following section primarily follow this work.
A. Basic equations
The analysis begins with an expression for the total energy flux in an open cycle thermoacoustic device, Swift's Equation 7 .105, 16 which is the sum of the relevant energy fluxes in the device. In deriving this equation, Swift neglects higher order kinetic energy and viscous effects, and assumes that the magnitude of the mean mass flux is a second order quantity. This equation expresses the total second-order energy flux, Ḣ , as
͑1͒
The first term on the right side of Eq. ͑1͒ is the convective energy flux, where Ṁ represents the total mean mass flux in the device, including acoustic streaming, pressure gradient and applied flow effects, 16 c p is the constant pressure specific heat of the gas, T m is its mean temperature and T 0 is the ambient reference temperature. The second term on the right side of Eq. ͑1͒ is the conductive energy flux, generally a loss term, where A and A s are the cross-sectional areas of the gas and solid, respectively, and k and k s are the thermal conductivities of the gas and solid, respectively. The solid components include the regenerator material, the wall surrounding the regenerator, and any other solid materials that are contained within the regenerator. The last term on the right side of Eq. ͑1͒ essentially represents the thermoacoustic energy fluxes in the engine, expressed as the time average of the product of T 1 , the first order oscillating temperature, and u 1 , the first order oscillating axial gas velocity. To ensure that these thermoacoustic effects are the dominant energy fluxes in the engine, this term must be at least as large as the convection and conduction terms in Eq. ͑1͒. 16 A steady flow of gas with a mean mass flux Ṁ and a mean temperature T h flows into the regenerator, whose hot end is at the temperature T re . A cold heat exchanger rejects heat Q 0 to the ambient temperature T 0 at the other end of the regenerator. The resulting temperature gradient in the regenerator is used to amplify an acoustic traveling wave that enters the regenerator's cold end and exits its hot end. 
is the acoustic pressure, U 1 is the first order oscillating volumetric velocity, m is the mean gas density, and s 1 is the first order oscillating entropy, the thermoacoustic term in Eq. ͑1͒ can be written as 1 2 m c p ͵ Re͓T 1 ũ 1 ͔dAϭĖ ϩT m Ṡ .
͑2͒
The second order thermoacoustic entropy flux, Ṡ , is sometimes referred to as a ''thermoacoustic heat flux,'' and is frequently described as a ''bucket brigade'' of gas parcels shuttling heat up or down a temperature gradient. 16 In open channels and isentropic environments, this second order entropy flux is generally negligible, and Eq. ͑2͒ reduces to the acoustic energy flux at that location. Inside a regenerator, however, the second order entropy flux can be fairly large. In an ideal regenerator, perfect solid-gas thermal contact results in an isothermal environment, where T 1 ϭ0. Applying this condition to Eq. ͑2͒ yields
This equation expresses the relationship between the ideal entropy and work fluxes in the regenerator, where at any location, a unit of acoustic power traveling to the right is countered by a unit of thermal energy transported to the left by the ideal second order entropy flux. This entropy flux is caused by a combination of the acoustic gas movement and the heat transfer between the solid and gas that accompanies acoustic pressure changes in the regenerator, where the temperature of the gas is ideally constrained to equal the regenerator's local solid temperature. For imperfect thermal contact in the regenerator, T 1 0, and the last term in Eq. ͑1͒ contributes an additional thermoacoustic entropy flux to the total energy flux in the regenerator. Swift has shown that in a parallel plate regenerator, in the limit of very small plate spacing, the last term in Eq. ͑1͒ can be approximated to lowest order by 16 1 2
where is the angular frequency of the acoustic oscillations, r h is the hydraulic radius ͑half of the regenerator plate spac- A nonzero value of expresses the effect of imperfect solidgas thermal contact in the regenerator. In contrast, perfect solid-gas thermal contact in the regenerator results when the plate spacing or pore size is very small relative to the thermal penetration depth, i.e., r h 2 /␦ 2 Ӷ1, yielding Ϸ0 in Eq. ͑5͒ and T 1 Ϸ0 in Eq. ͑4͒. Note that the particular form of in Eq. ͑5͒ only applies to parallel plate regenerators, though similar expressions can be derived for other regenerator geometries. This term, divided by the cross-sectional area, has been referred to as an ''effective'' thermal conductivity in other studies on energy fluxes in closed cycle thermoacoustic devices, 17, 18 although this terminology tends to de-emphasize the acoustic nature of this energy flux.
Substituting Eq. ͑4͒ into Eq. ͑2͒ yields the following expression for the thermoacoustic entropy flux inside the regenerator:
͑6͒
where
is the entropy flux loss. Equation ͑6͒ indicates that the ''bucket brigade'' heat transfer, as described by the second order entropy flux, is composed of both perfect and imperfect regenerator thermal contact components. As will be shown below, Ṡ re,ideal carries thermal energy that is used to amplify the acoustic wave in the regenerator, while Ṡ re,loss is an unwanted entropy flux that carries thermal energy out of the system without converting it to work in the form of acoustic energy.
B. Energy fluxes at the regeneratorÕopen duct interface
Hot gas at temperature T h flows towards the regenerator through the adjoining open duct, as shown in Fig. 1 . Since the oscillations in the open duct can be assumed to be approximately isentropic and the mean gas temperature there is nearly uniform, the conduction and entropy flux terms can be neglected in Eqs. ͑1͒ and ͑2͒, respectively, to yield the total energy flux in the open duct:
where the subscript ''h'' denotes conditions at the hot-side open duct.
Denoting the temperature at the hot side of the regenerator as T re , Eqs. ͑1͒ and ͑4͒ can be used to express the total energy flux at the right side of the regenerator:
Assuming that the periphery of the engine is well-insulated, the total energy flux remains constant everywhere in the engine except at the cold heat exchanger, where heat is transferred out of the engine at the ambient temperature, T 0 . Therefore, equating the total energy fluxes of Eqs. ͑8͒ and ͑9͒ yields the following expression for the acoustic energy flux in the open duct:
This equation states that the acoustic energy output of the regenerator is a function of the difference in the convected thermal energy across the regenerator interface, minus the conductive and entropy flux losses down the regenerator. The same relationship was derived by very different means in a previous study, 15 though without the entropy flux loss term, since ϭ0 in the perfect thermal contact assumption of that study.
Rearranging Eq. ͑10͒ with the help of Eq. ͑6͒ and the state relation dhϭc p dT, where h is the enthalpy of the gas, an alternate description of the energy balance at the regenerator interface is obtained:
͑11͒
This equation states that the input thermal energy convected to the regenerator interface, Ṁ h h , is split into four thermal energy fluxes upon entering the regenerator. Three of these thermal energy fluxes are loss mechanisms that transport heat towards the regenerator's cold end without converting it into acoustic energy: the conductive heat flux, the thermoacoustic entropy flux due to imperfect thermal contact in the regenerator, Ṡ re,loss , and the convective heat flux at lower enthalpy, Ṁ h re . The remaining thermal energy flux entering the regenerator is due to the ideal entropy flux, Ṡ re,ideal .
C. The acoustic energy gain in the regenerator
The interface energy balance of Eq. ͑11͒ shows that acoustic energy is neither created nor destroyed at the regenerator interface. Rather, it indicates that the ideal entropy flux carries thermal energy that is converted into acoustic energy as it travels down the regenerator's temperature gradient. To demonstrate this point, note first that Ṡ re,ideal is a constant if viscous effects are neglected in the regenerator. Although this proof is somewhat tedious and will not be shown here, a constant ideal entropy flux can be used with Eq. ͑3͒ to show that the acoustic gain across the regenerator is
This equation, which applies to both ideal and nonideal regenerators, states that the acoustic energy gain is equal to the difference in the thermal energy carried by the ideal entropy fluxes at the hot and cold ends of the regenerator. This is basically a statement of the first law of thermodynamics for an ideal regenerator, where the work produced in the regenerator is equal to its heat input minus its heat output. Since Ṡ re,ideal is a constant in the regenerator, differentiating Eq. ͑3͒ with respect to x yields
This expression has been previously derived by other means, 16 and is frequently used to approximate the acoustic energy gain in a regenerator with good solid-gas thermal contact in a traveling wave thermoacoustic device, although it does not include losses from viscous effects. Note that the conductive and entropy flux loss terms have been retained in this analysis because they are functions of the local temperature gradient in the engine, and are needed for estimating the regenerator temperature profile and the acoustic energy output below. On the other hand, the viscous regenerator loss is not a function of the local temperature gradient, and is therefore neglected in this study.
D. The regenerator temperature profile
Since the total energy flux in the regenerator is constant, it follows that dḢ re /dxϭ0. Substituting Eqs. ͑1͒ and ͑4͒ into this expression yields, upon rearrangement,
where the parameter ⌶ has been defined as
By specifying the temperatures at either end of the regenerator ͑i.e., T m ϭT 0 at xϭ0 and T m ϭT re at xϭL, as depicted in Fig. 1͒ , Eq. ͑14͒ can be solved for the mean temperature profile in the regenerator:
In deriving this equation, it has been assumed that ⌶ is a constant, which essentially assumes that c p , k, and k s are independent of temperature in the regenerator. This is not entirely accurate, but since these variables are not very strong functions of temperature, Eq. ͑16͒ still provides a reasonable approximation for the temperature profile in the regenerator. Also, note that Reid and Swift 2 have derived an equation similar to Eq. ͑16͒, though their definition of ⌶ and the assumptions applied in their derivation are only valid for standing wave thermoacoustic systems.
Once the regenerator's cold and hot end temperatures are known, Eq. ͑16͒ allows one to calculate ⌶ with a single temperature measurement at any point within the regenerator. This can then be used to find Ṁ from Eq. ͑15͒, and thus could be a valuable means of evaluating the streaming mass flux in a closed cycle traveling wave thermoacoustic system. Such a procedure was first suggested by Gedeon, 4 and was later used by Job et al. 6 to determine the streaming mass flux passing through a quasi-adiabatic stack ͑i.e., where r h Ϸ␦ ) in a looped tube. Although the theory Job et al. developed to describe the temperature profile includes radial heat loss effects not modeled here, the present work includes thermoacoustic heat pumping effects not accounted for in their analysis. 6 Finally, note that Eq. ͑16͒ can be differentiated with respect to x to evaluate the temperature gradient at the regenerator's hot-side interface. Substituting this result and Eq. ͑15͒ into Eq. ͑10͒, and assuming that the quantity (ϩAk ϩA s k s ) is independent of temperature, the following simplified expression for the hot-side acoustic energy flux is attained:
͑17͒

E. Cold side energy fluxes
An energy balance for the cold heat exchanger can be written as
where Ḣ c is the total energy flux in the open duct to the left of the cold heat exchanger and Q 0 is the heat transferred out of the engine at the cold heat exchanger, as shown in Fig. 1 . The total energy flux at the cold side of the regenerator, Ḣ re,c , can be found by setting T m ϭT 0 in Eqs. ͑1͒ and ͑4͒, i.e.,
Since the cold-side acoustic energy flux Ḣ c ϭĖ c , Eqs. ͑3͒, ͑18͒, and ͑19͒ can be used to show that
This equation states that in addition to the heat rejection that would occur in an ideal thermoacoustic engine, ϪT 0 Ṡ re,ideal , the heat transfer out of the cold heat exchanger also includes the thermal energy losses at the cold end of the regenerator, as described in Eq. ͑19͒.
F. Energy flux results
To facilitate the analysis of the energy fluxes in the open cycle thermoacoustic engine, the above equations are cast in a nondimensional form by dividing energy flux terms by ϪṀ c p T 0 , temperatures by the ambient temperature T 0 , and lengths by the regenerator length, L. Since this nondimensionalization is fairly straightforward, it will not be performed here, although it is worth noting that all of the dimensionless energy fluxes in the engine are dependent on just three dimensionless parameters: T h /T 0 , T re /T 0 , and ⌶L. In the following section, it will be shown that an optimal value for T re /T 0 can be computed from T h /T 0 and ⌶L, indicating that only two dimensionless parameters are really needed to compute the dimensionless energy fluxes that maximize the acoustic power output of the engine.
Solving the dimensionless forms of the above equations yields the temperature profile and various energy fluxes shown in Fig. 2͑b͒ and Fig. 2͑c͒ , respectively, for representative conditions in a basic open cycle traveling wave thermoacoustic engine, similar to that shown in Fig. 2͑a͒ . The temperature plot in Fig. 2͑b͒ shows a significant temperature drop at the regenerator's interface with the hot duct, followed by an exponential temperature profile within the regenerator. The convective energy flux in Fig. 2͑c͒ mirrors this profile, as it is linearly dependent on the local gas temperature. Figure 2͑c͒ shows that in the hot duct to the right of the regenerator, the total energy flux consists of the sum of the acoustic and convective energy fluxes, as described by Eq. ͑8͒, while just inside the regenerator, the total energy flux is equal to the sum of the convective energy flux and the regenerator's thermal energy losses, as expressed in Eq. ͑9͒.
Note that in addition to these two energy fluxes in Fig. 2͑c͒ , there is an acoustic energy flux within the regenerator that is ''cancelled'' by the thermal energy transport associated with the ideal second order entropy flux, as described in Eqs. ͑2͒ and ͑6͒.
In Fig. 2͑c͒ , the second order entropy flux resulting from imperfect thermal contact in the regenerator, Ṡ re,loss , has been lumped together with the conductive energy flux to form the ''Regen Losses'' energy flux, which is proportional to the local temperature gradient in the regenerator. Since the convective energy flux decreases with the temperature in the regenerator, the thermal energy losses must increase as the temperature decreases to maintain a constant total energy flux in the regenerator. As a result, the temperature gradient is low at the regenerator's hot end, and high at its cold end, explaining the exponential shape of the regenerator's temperature profile as expressed in Eq. ͑16͒. Unfortunately, this also means that all of the convective thermal energy flux at the hot end of the regenerator, Ṁ c p (T re ϪT 0 ), is gradually converted into heat conduction and additional thermoacoustic entropy flux losses as it convects down the regenerator's temperature gradient. This energy, equal to the total energy flux of Eq. ͑19͒, is essentially wasted, and leaves the system through the cold heat exchanger, as described in Eq. ͑20͒. Since the details of the heat transfer out of the cold heat exchanger are not of interest in this study, the heat fluxes are simply depicted in Fig. 2͑c͒ as linearly decreasing to zero over the length of the cold heat exchanger. Recovery of the convective thermal energy loss could substantially improve the thermal efficiency of the thermoacoustic engine, without having significant effects on its operation. One method that has been suggested for recovery of this thermal energy 19 involves preheating the reactants of a combustion process that supplies the hot stream of gas to the engine, possibly by routing the pipes carrying the combustion process reactants around or through the regenerator so that some of this waste heat is transferred to the combustion process reactants. Such preheating would increase the combustion process temperature, thereby increasing the input temperature, T h , and the efficiency of the engine. Equivalently, the preheating could instead be used to reduce the amount of fuel energy required to reach a desired combustion temperature, T h , thus increasing the fuel energy-toacoustic energy conversion efficiency. In either case, the transfer of waste heat from the regenerator into the combustion process reactants would result in a more linear temperature profile, thereby reducing the conductive and thermoacoustic entropy fluxes that leave the system through the cold heat exchanger. As the total energy flux through the regenerator is no longer constant in this situation, the analysis becomes more complex, and will be left as a topic for future study.
G. Mean mass flux and pressure gradient
As noted in the Introduction, the flow direction of the mean mass flux in an open cycle thermoacoustic device opposes that of the acoustic energy flux. In contrast, acoustic streaming, in the absence of other effects, produces a mean mass flux that flows in the same direction as the acoustic energy flux, 4 thus an external force is required to cause mass to flow in the desired direction in the open cycle configuration. This external force is provided by imposing a mean pressure gradient across the regenerator, and the magnitude of the mean mass flux is controlled by adjusting the mean inlet and outlet gas pressures on either side of the regenerator. An equation relating the mean mass flux to the pressure difference across a parallel plate regenerator, ⌬ p 2 , is given by Waxler. 12 Bailliet et al. 8 and Backhaus and Swift 20 note that Waxler's analysis does not include the temperature dependence of viscosity and thermal conductivity, though their analyses also point out that these effects are not important for regenerators in the small plate spacing approximation, r h Ӷ␦ , which applies to the regenerator in a traveling wave thermoacoustic device.
A generalized version of Waxler's regenerator pressure difference equation is
where m is the gas viscosity evaluated at the regenerator's mean temperature, and the factor ␣ accounts for the geometry of the regenerator ͑e.g., ␣ϭ3/Ar h 2 for a parallel plate geometry͒. The term ⌬p 2 ͉ Ṁ ϭ0 is the pressure difference that results when Ṁ ϭ0, and is primarily generated by acoustic streaming effects in the regenerator. While Waxler derives an expression for ⌬ p 2 ͉ Ṁ ϭ0 in a parallel plate regenerator, 12 for the order of magnitude calculation presented here it is sufficient to use the more general result of Gedeon, 4 whose studies imply that an acoustic streaming mass flux Ṁ st Ϸ 0 Ė c /p 0 develops when ⌬ p 2 Ϸ0 across the regenerator, where the density and acoustic energy flux are evaluated at the ambient temperature location.
In an idealized open cycle thermoacoustic engine, the acoustic energy gain across the regenerator can be related to its hot and cold temperatures by integrating Eq. ͑13͒ across the regenerator to yield
By setting Eq. ͑21͒ equal to zero, using the ideal gas law, Gedeon's estimate for Ṁ st , and Eq. ͑22͒ yields a rough estimate for ⌬p 2 ͉ Ṁ ϭ0 :
Substituting Eq. ͑23͒ back into Eq. ͑21͒, and neglecting the regenerator loss terms in Eq. ͑10͒ to estimate Ṁ , the required pressure difference across the regenerator is approximated by
͑24͒
Since the acoustic energy flux is a second order quantity and all the other terms are of order zero, Eq. ͑24͒ verifies that the mean pressure difference across the regenerator is a second order quantity. Note that the first term in brackets on the right hand side of Eq. ͑24͒ is the pressure gradient required to counteract the effects of acoustic streaming in the regenerator, while the second term is the additional pressure required to force mass to flow at the desired rate from hot to cold through the regenerator. As T re approaches T h , the denominator in this term approaches zero, though the acoustic energy flux also approaches zero according to Eq. ͑10͒. Even for ␥ϭ1.4 and a moderate interface temperature ratio, T h /T re ϭ1.3, the additional pressure required to force mean flow in the desired direction is about the same as that required to negate the effects of acoustic streaming in the regenerator. Note also that the power required to force the mean flow through the regenerator is a fourth order quantity proportional to Ṁ ⌬p 2 , therefore neglecting this effect in considering the total second-order energy flux is well justified.
III. POWER OUTPUT AND THERMAL EFFICIENCY
In the implementation of an open cycle traveling wave thermoacoustic engine, T re would not typically be known. Instead, Ṁ , c p , and T h of the incoming hot gas would be the known quantities, in addition to the length of the regenerator, L, and the temperature of the ambient reservoir, T 0 . Further, the possible geometries for the open cycle engine fall into two general categories: a linear device as first envisioned by Ceperley, 13 and a looped device similar to the TASHE. 3 In a linear engine, the input acoustic energy, Ė c , is typically a known quantity, and Ė h and T re are determined using Eqs. ͑10͒ and ͑22͒, for example. In the looped configuration, a portion of Ė h is routed through a feedback loop to provide the acoustic energy input Ė c , while the remainder of the acoustic energy is applied to an acoustic load, Ė L , such as a thermoacoustic refrigeration process. In this case, Ė L ϷĖ h ϪĖ c is the known quantity, and an optimal T re exists that yields the maximum possible Ė L for the given thermal energy input to the engine. This particular case is studied below, although the same results can be used to determine the maximum acoustic gain Ė g ϭĖ h ϪĖ c across the regenerator of a linear thermoacoustic engine.
A. Optimal regenerator interface temperature
With the aid of Eqs. ͑17͒ and ͑22͒, the amount of acoustic energy available for the system load, Ė L , is ideally equal to
͑25͒
where the acoustic load is shown to be a nonlinear function of T re . In the absence of an acoustic load ͑i.e., Ė L ϭ0), Eq. ͑25͒ indicates that a temperature difference exists across the regenerator interface due solely to the thermal energy losses at this location:
where the parameter ⌶ in the second term on the right is a function of the thermal losses in the regenerator.
As Ė L increases, T re decreases from the value given in Eq. ͑26͒, and the acoustic energy exiting the regenerator, Ė h , increases as shown in Eq. ͑10͒. However, as T re decreases, so does the acoustic gain across the regenerator, according to Eq. ͑22͒. Given these two competing effects that increase and decrease Ė h , an optimum regenerator interface temperature must exist that maximizes the ideal acoustic power output of the engine, Ė L . To find this optimum temperature, T re,opt , Eq. ͑25͒ is differentiated with respect to T re , and the resulting equation is set equal to zero, yielding
Substituting Eq. ͑27͒ into Eq. ͑25͒ then gives, after some manipulation, the maximum acoustic power output of the engine for a given thermal energy input and thermal loss in the regenerator:
͑28͒
B. Simplification for large ⌶L
The quantity ⌶L essentially represents the ratio of the regenerator's convective energy flux to the thermal loss energy flux. Ideally, this ratio should be large to reduce the losses in the engine. Note also that according to Eq. ͑15͒ above, ⌶ is negative since Ṁ Ͻ0 in this study.
Consequently, Eqs. ͑27͒ and ͑28͒ can be simplified to a reasonable degree of accuracy for large values of ⌶L. Since in these cases, e ⌶L Ӷ1, the optimal regenerator interface temperature can be approximated by
and the maximum acoustic power output is approximately
For reasonable hot and cold temperatures ͑e.g., T h /T 0 Ͼ1.5), Eqs. ͑29͒ and ͑30͒ approximate Eqs. ͑27͒ and ͑28͒, respectively, to within 1.5% error for ⌶LрϪ4.
C. Engine efficiency
Having determined the maximum acoustic power output of the engine for a given thermal energy input, various engine efficiencies can now be computed. The thermal efficiency of the engine is equal to the acoustic power output, 
where Eq. ͑30͒ has been used for Ė L,max , since it represents an upper limit of Ė L for negligible thermal energy losses in the regenerator.
To estimate the effectiveness of the cycle, an availability analysis gives the maximum amount of work that could be extracted from the convected thermal energy input:
Therefore, the second law efficiency, which expresses the ratio of the actual power output to the power output available in the flow, is given by
where, again, Eq. ͑30͒ has been used for Ė L,max .
IV. CLOSED CYCLE COMPARISON
In order to evaluate the feasibility of the open cycle traveling wave thermoacoustic engine, its thermal efficiencies and acoustic power output should be compared to corresponding performance parameters in closed cycle thermoacoustic engines. Since the goal of the open cycle engine is to convert the thermal energy in a stream of gas into acoustic energy, the closed cycle engines will be evaluated by deter-mining the acoustic power output that they can derive from a similar stream of hot gas, carrying a thermal energy given by Ṁ c p (T h ϪT 0 ).
Two basic methods can be used to transfer the thermal energy in the stream of gas to the closed cycle thermoacoustic engine. In the first method, the stream of gas is used to generate electrical energy, which is then converted back into thermal energy in the closed cycle engine with an electric resistance heater. While this method is certainly convenient from the end-user's standpoint, the conversion to electrical energy, transmission and conversion back to thermal energy is much less efficient than direct use of the thermal energy. Furthermore, such a system is not very practical in remote settings, as electrical generation hardware only adds to the cost and maintenance of the overall system. Therefore, this study will focus on the second method of heat transfer, which uses a heat exchanger to directly transfer the thermal energy in the hot gas stream into the thermoacoustic engine. The performance obtained with this method will be analyzed and compared to that provided by the open cycle engine in the following sections.
A. The crossflow hot heat exchanger
A crossflow heat exchanger, as depicted in Fig. 3 , provides a practical means for transferring the heat from the hot stream of gas to the thermoacoustic engine because all of the heat transfer occurs over an acoustic displacement length, which is normally much smaller than the diameter of the engine. However, the design of a crossflow heat exchanger will not allow all of the heat in the hot gas stream to be transferred into the engine. As will be shown below, this configuration also produces a maximum acoustic power output for an optimum heat transfer and hot regenerator temperature.
The heat transfer from the hot gas stream to the thermoacoustic engine can be expressed as
where T e is the exhaust temperature of the hot gas stream as it exits the heat exchanger. The heat capacity rate is defined as CϭṀ c p , and C h in Eq. ͑34͒ is the heat capacity rate for the hot side of the heat exchanger. The complex physical processes occurring on the thermoacoustic side of the heat exchanger make calculation of the heat transfer and relevant gas temperatures difficult. For instance, the temperature is nonuniform in the transverse direction because hot gas enters one side of the heat exchanger and colder exhaust gas exits the other side. To simplify matters, it is assumed that the thermoacoustic gas rapidly mixes and/or that transverse thermal conduction in the regenerator creates a uniform temperature, T re , at the hot side of the regenerator.
The determination of the temperature of the thermoacoustic gas as it returns to the regenerator from the crossflow heat exchanger is also problematic. In this case, gas enters one side of the heat exchanger at T re , traverses to the other side and comes back again, with heat being transferred to the gas from the surface of the heat exchanger in the process. In addition to the temperature change that may occur during this heat transfer process, the gas temperature periodically varies due to its expansion and compression by the acoustic waves.
B. Heat exchanger effectiveness
Most or all of the complexities associated with using a crossflow heat exchanger in an acoustic environment can be avoided by considering its effectiveness, 22 , which is defined as the heat transfer rate through the heat exchanger, Q h , divided by the maximum heat transfer rate possible, Q max , for the temperatures and heat capacity rates involved, i.e.,
Q max is obtained for the minimum heat capacity rate between the two fluids and between the maximum and minimum temperatures present in the heat exchanger, i.e.,
Ideally, this maximum heat transfer rate could only be achieved in an infinitely long counterflow heat exchanger, where one of the two fluids experiences the maximum temperature change. Note that Q max is obtained with the minimum heat capacity rate, C min , not the maximum, C max , since, in the example of the counterflow heat exchanger, the fluid experiencing the largest temperature difference must also have the lower heat capacity rate. 22 In this analysis, the maximum temperature is chosen as T max ϭT h , while the minimum temperature is given by T min ϭT re , because the thermoacoustic gas leaves the regenerator at the temperature T re , is heated within the heat exchanger and returns to the regenerator hotter than when it left. Furthermore, T re ϽT e , would be transferred out of some portion of the thermoacoustic engine back into the heat exchanger fluid.
The choice for C min in Eq. ͑36͒ deserves careful consideration. To help make this choice, the following expressions   FIG. 3 . A schematic of a closed cycle thermoacoustic engine that employs a crossflow heat exchanger to transfer heat Q h from a stream of hot gas with a mean mass flux Ṁ , specific heat c p , and a mean temperature T h , to the regenerator of the thermoacoustic engine. The stream of hot gas leaves the heat exchanger at an exhaust temperature, T e , and the hot side of the regenerator is assumed to have a uniform temperature, T re . On the cold side of the regenerator, heat Q 0 is rejected to the ambient temperature T 0 through another crossflow heat exchanger, and the resulting temperature gradient across the regenerator is used to amplify a traveling acoustic wave.
for the heat capacity rate on the thermoacoustic side ͑sub-script ''ta''͒ and the hot gas side ͑subscript ''hg''͒ of the heat exchanger are derived using the ideal gas law and the relationship c p /Rϭ␥/(␥-1):
where ͉U 1 ͉ is the time average of the magnitude of the acoustic volumetric velocity on the thermoacoustic side.
In the open cycle engine, U 0,hg ӶU 1,hg in order to keep convection effects from dominating the acoustic effects in the device. 16 Since the acoustic power outputs of the open and closed cycle cases are expected to be comparable, U 1,hg ϷU 1,ta , so it is then reasonable to expect that U 0,hg ϽU 1,ta . Furthermore, since closed cycle thermoacoustic engines typically operate at elevated pressures to increase the acoustic power density in the engine, it is reasonable to assume that p 0,hg рp 0,ta , while heat is only transferred into the engine for T 0,ta ϽT 0,hg . Considering these factors in comparing Eqs. ͑37͒ and ͑38͒, and recognizing that ␥ has little influence on the heat capacity rates, it follows that C min ϭC hg . Substituting this result and Eq. ͑36͒ into Eq. ͑35͒ yields a simple expression for the heat transfer into the thermoacoustic engine:
where the details of the heat exchanger geometry and heat exchange process are contained in the effectiveness term, .
The effectiveness parameter is a function of two dimensionless parameters, 22 C min /C max and the ''Number of Transfer Units'' ͑NTU͒, defined as
where U and A are the heat transfer coefficient and surface area of the heat exchanger, respectively. While an effectiveness-NTU relationship has not been derived for a crossflow heat exchanger in an acoustic environment, these relationships exist for many types of heat exchangers. 22 Note, however, that all heat exchangers attain their maximum effectiveness with respect to the heat capacity ratio in the limiting case where C min ӶC max , for which 22
Ϸ1Ϫexp͑ϪNTU͒. ͑41͒
Since the determination of C max is somewhat problematic in this case, Eq. ͑41͒ can be used as an estimate for the maximum effectiveness of the crossflow heat exchanger. Note that as the NTU increases, →1, though this also indicates an increasing UA for the heat exchanger according to Eq. ͑40͒.
Since the effective length of the heat exchanger in a thermoacoustic device is limited to the acoustic displacement length, increasing the heat exchanger surface area, A, would require the addition of more fins to the heat exchanger. This would increase the viscous dissipation in the heat exchanger, thus placing a practical limit on the magnitude of the heat transfer coefficient UA, and the magnitudes of the NTU and .
C. Maximum power output
The expression for the heat input, Q h in Eq. ͑39͒, can be linked to the acoustic energy output of the closed cycle engine by investigating the energy balance around the heat exchanger. Noting that the total energy fluxes in the closed cycle engine are the same as those for the open cycle engine above, with the convective terms excluded, this energy balance can be expressed as
where Eqs. ͑8͒ and ͑9͒ have been applied without the convection terms, viscous dissipation in the heat exchanger has been neglected, and the subscript ''cc'' denotes quantities evaluated in the closed cycle engine. Since the thermal losses in the regenerator should be small compared to the acoustic energy flux in an efficient closed cycle engine, Eq. ͑42͒ indicates that Q h ϷĖ h,cc . Using this approximation and Eqs. ͑22͒ and ͑39͒, the following expression for the acoustic power output of the closed cycle engine with a crossflow hot heat exchanger is obtained:
As was done for the open cycle case, Eq. ͑43͒ can be optimized with respect to T re to yield a maximum acoustic power output. The optimum regenerator temperature, T re,opt , turns out to be the same as that of the ideal open cycle case, given in Eq. ͑27͒ above. The resulting maximum power output for the closed cycle engine with a crossflow heat exchanger is
which is identical to the power output of the ideal open cycle case in Eq. ͑30͒, multiplied by the heat exchanger effectiveness, . ͓Note that the negative sign in Eq. ͑30͒ is due to the sign convention adopted for the direction of the mean flow in the open cycle case.͔ Not surprisingly, since Ͻ1 for a crossflow heat exchanger, it follows that the open cycle engine delivers more acoustic power than a closed cycle engine with a crossflow heat exchanger, given the same input flow of hot gas.
D. Thermal efficiency
Using Eq. ͑27͒ for T re,opt , the optimum heat flux into the closed cycle engine is given by
͑45͒
and the thermal efficiency is given by th,cc,1 ϭ1Ϫͱ
This efficiency does not represent the maximum thermal efficiency, but the thermal efficiency at the point of maximum power output, which is larger than that given for the open cycle engine in Eq. ͑31͒. This occurs because the hot exhaust gas temperature, T e , is larger than the ambient temperature T 0 , so the heat in this exhaust gas could still be applied to some useful purpose. In this regard, the closed cycle engine with a crossflow hot heat exchanger holds an advantage over the open cycle engine, which consumes all of the input thermal energy to produce acoustic power. However, if the thermal energy in the exhaust stream is not used, then a more appropriate thermal efficiency would be based on the amount of heat available from the hot stream of gas, i.e., th,cc,2 ϭ
Again, this differs from the thermal efficiency of the open cycle case, Eq. ͑31͒, by the heat exchanger effectiveness, . Finally, a second law efficiency can be computed based on the available work in the stream of hot gas, as expressed in Eq. ͑32͒:
This second law efficiency also differs from that of the open cycle case by the effectiveness parameter, , and is, therefore, smaller than the open cycle second law efficiency since Ͻ1. Figure 4͑a͒ shows the normalized maximum acoustic power outputs of the open cycle and closed cycle engines, as expressed in Eqs. ͑30͒ and ͑43͒, in addition to the maximum available power output, as described by Eq. ͑32͒. The difference between the open and closed cycle cases is accounted for by the crossflow heat exchanger effectiveness, , which was assumed to equal 0.8 in Fig. 4 . This factor can be made to approach unity by increasing the overall heat transfer coefficient and heat transfer surface area of the heat exchanger, or by decreasing the heat capacity ratio, C min /C max . However, cost, construction complexity, and other practical constraints such as viscous loss minimization will generally limit the effectiveness to Ͻ0.9, thus the acoustic power output of the open cycle thermoacoustic engine should always be larger than that for the closed cycle engine.
E. Comparison of open and closed cycles
The open cycle thermal efficiency of Eq. ͑31͒ and second law efficiency of Eq. ͑33͒ are plotted as functions of T h /T 0 in Fig. 4͑b͒ . Also plotted for the closed cycle case is th,cc,1 of Eq. ͑46͒, based on the actual heat transferred into the thermoacoustic engine, th,cc,2 of Eq. ͑47͒, where the thermal energy in the exhaust gas remains unused, and II,cc from Eq. ͑48͒. As discussed above, Fig. 4͑b͒ shows that th,cc,1 Ͼ th,oc , since the exhaust gas still carries thermal energy that can be used in another application. A similar situation, which was alluded to previously, also exists in the open cycle thermoacoustic engine, where some of the wasted convective thermal energy in the regenerator is recovered by preheating the combustion process reactants. 19 Although this situation is not analyzed in this study, it is expected to yield a thermal efficiency comparable to th,cc,1 by analogy to the closed cycle crossflow heat exchanger case. However, if the thermal energy in the exhaust gas of the heat exchanger is not used, the thermal efficiency of the closed cycle engine is shown to be smaller than that for the open cycle engine by the effectiveness factor, , as was the case for the acoustic power outputs in Fig. 4͑a͒ .
Finally, it should be noted that the acoustic power outputs and efficiencies in Fig. 4 The maximum dimensionless acoustic energy outputs ͑a͒, and the corresponding thermal and second law efficiencies ͑b͒, of open and closed cycle thermoacoustic engines, where an effectiveness of ϭ0.8 has been assumed for the crossflow hot heat exchanger in the closed cycle case. Also plotted in ͑a͒ is the maximum power output available from the thermal energy in the hot stream of gas, based on a second law analysis of this gas stream. In ͑b͒, the subscript ''th'' refers to the thermal efficiency, ''II'' refers to the second law efficiency, ''oc'' refers to the open cycle, and ''cc'' to the closed cycle. Also, the first thermal efficiency for the closed cycle case assumes that the thermal energy in the exhaust gas is available for use, while the second thermal efficiency assumes that it is exhausted to the environment.
ture profile and the resulting increase in the average acoustic velocity and viscosity coefficient in the regenerator. Thus, an improved evaluation of the difference in power output and thermal efficiency between the open and closed cycle engines would require a further investigation of the various open and closed cycle loss mechanisms.
V. CONCLUSIONS
This paper shows that the difference between the mean temperature of the hot incoming gas and the temperature at the hot side of the regenerator in an open cycle thermoacoustic engine plays a crucial role in the conversion of the thermal energy in the input stream of hot gas into acoustic energy, and significantly impacts the various energy fluxes in the open cycle engine. For a constant convective thermal energy input, increasing the acoustic load essentially increases the magnitude of this temperature difference, thereby increasing the amount of input thermal energy that is converted into ideal thermoacoustic entropy flux at the regenerator interface. The remainder of the input thermal energy entering the regenerator is essentially wasted and leaves the engine through the cold heat exchanger, having been transported down the regenerator temperature gradient by a combination of convective energy flux, conductive energy flux, and second order entropy flux due to imperfect thermal contact in the regenerator. However, since the hot-side regenerator temperature determines the acoustic gain across the regenerator, it has been shown that an optimal hot-side regenerator temperature exists that maximizes the acoustic power output of the engine for a given thermal energy input.
Furthermore, an effectiveness-NTU analysis of a crossflow heat exchanger, which can be used to bring thermal energy into a closed cycle traveling wave thermoacoustic engine, has shown that the open cycle configuration has the potential to be the more efficient means of converting thermal energy in a stream of gas into acoustic energy. Although this is a somewhat intuitive result, the effectiveness formulation employed could serve as a valuable tool in evaluating the efficiency of crossflow heat exchangers in closed cycle thermoacoustic devices.
Since open cycle thermoacoustic systems have not received much attention to date, however, more research is required to assess the feasibility of these devices. For instance, a more thorough investigation of the losses in open cycle thermoacoustic engines needs to be performed, and the results should be compared to those obtained for closed cycle systems. In addition, the effects of Rayleigh streaming, turbulence, and radial heat losses on the operation of the open cycle thermoacoustic engine need to be investigated. Also, as was suggested above, the open cycle engine's power output and efficiency could be further improved by recovering some of the convected thermal energy that is lost through the cold heat exchanger to, e.g., preheat combustion reactants that generate the hot stream of input gas. Such a system holds considerable promise for attaining high fuel energy-toacoustic energy conversion efficiencies, and deserves further consideration. Finally, laboratory experiments and open cycle engine prototypes need to be designed, built, and tested, in order to check the validity of the theoretical predictions of this and other studies of open cycle traveling wave thermoacoustic systems.
